Introduction
The sphingomyelin (SM) pathway is an ubiquitous signaling system conserved from yeast to humans (1) (2) (3) . Ceramide is the central molecule in this pathway, generated from SM by the action of a neutral or acid sphingomyelinase (NSMase or ASMase), or by de novo synthesis co-ordinated through the enzyme ceramide synthase. Ceramide has been implicated as second messenger for cytokines signaling through the tumor necrosis factor (TNF) receptor superfamily and for diverse stresses (ionizing radiation, oxidative stress, ultraviolet C, heat, etc.). While in some cells ceramide may provide proliferative or differentiating signals, often the outcome of ceramide signaling is the induction of apoptosis. Evidence that ceramide is involved directly in the induction of apoptosis is summarized as follows: (I) Agonist-induced ceramide elevations precede biochemical and morphologic manifestations of apoptosis (4-7); (II) Elevation of cellular ceramide levels using natural ceramide (8) (9) (10) , ceramide analogs or exogenous SMases mimic the effects of stress on apoptosis (11-16); (III) Pharmacologic agents which interfere with enzymes of ceramide metabolism and elevate cellular ceramide, such as the glucosylceramide synthase inhibitor D-threo-1-phenyl-decanoylamino-3-morpholino-1-propanol (PDMP) or the ceramidase inhibitor N-oleoylethanolamine uniformly enhance apoptosis (17) (18) (19) , whereas agents that reduce ceramide generation such as the ceramide synthase inhibitor Fumonisin B1, prevent apoptosis (10, 20, 21) and (IV) Other lipids, including other sphingolipid metabolites (except perhaps 6 (DAG) kinase assay as previously described (33) . ASMase and NSMase activities were measured as in Lin et al. (34) Bisbenzimide staining-At different times after treatment, cells were processed for nuclear staining as described (35) . Briefly, the medium containing the floating dead cells was aspirated and pooled together with a PBS wash of the monolayer in a 15 ml Falcon conical tube. The remaining adherent cells were trypsinized, collected in the same tube and centrifuged at 400 g for 5 min. The pellets were gently vortexed and fixed in 400 µl of 10% buffered formalin phosphate for 10 min at room temperature. Nuclear apoptosis was assessed by staining of formalin fixed cells with the DNA-binding fluorochrome Hoechst-33258 as described (13) . A minimum of 200 cells were scored at each point.
Caspase 3 assay-The fluorogenic substrate Ac-DEVD-AFC was used to measure caspase 3 activity according to the manufacturer's instructions. Briefly, cells were lysed in RIPA buffer (50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 1% Triton X-100, 0.1% SDS and 0.5% sodium deoxycholate plus 10 µg/ml leupeptin and 10 µg/ml soybean trypsin inhibitor) and protein concentration measured. 20 µg of cell lysate were mixed with 8 µM Ac-DEVD-AFC in 200 µl caspase 3 buffer (50 mM HEPES, 10% sucrose, 0.1% CHAPS, 10 mM DTT) in a 96-well plate.
Fluorescence generated by the release of the fluorogenic group AFC upon cleavage by caspase 3 was measured in a Perkin Elmer LS50B luminescence spectrometer by excitation at 400 nm and emission at 505 nm. 7 HCl, 137 mM NaCl, 2 mM EDTA, 10% Glycerol, 1% Nonidet P-40 plus protease and phosphatase inhibitors). Western blots were performed as described (36) .
Results

Characterization of asmase
-/-MEFs. To investigate whether ASMase-deficient cells displayed cell autonomous defects in apoptosis, we generated MEFs from wild-type and ASMase-deficient mice. No measurable ASMase activity was detected in the asmase -/-MEFs (Table I) , while NSMase activity was unchanged. As a consequence of the ASMase deficiency, asmase -/-MEFs manifested a modest 20% increase in the SM content and a 12% decrease in ceramide levels (Table I ). Both wild-type and knockout MEFs grew at similar rates (Table I) 
Discussion
The present investigations provide definitive evidence for cell autonomous defects in apoptosis in ASMase-deficient cells. Similar to the defects observed in endothelial apoptosis in the lung (22) and throughout the CNS (25), MEFs from asmase -/-animals failed to generate ceramide within the first 30 minutes of ionizing radiation treatment and displayed almost complete resistance to induction of apoptosis. In contrast to the marked resistance to ionizing radiation, the sensitivity to staurosporine, which appears to be ceramide-independent, was unchanged in asmase -/-MEFs. Thus, resistance to apoptosis in asmase -/-MEFs was not global but rather stress-type specific. Consistent with this notion, asmase -/-MEFs displayed partial resistance to TNFα/ActD and serum withdrawal. The fact that apoptosis resistance of asmase
MEFs to radiation, and the partial resistance to TNFα/ActD, could be overcome by natural ceramide, provides compelling evidence that it is the lack of ceramide and not of ASMase that determines apoptosis sensitivity. The ability to rescue the apoptotic phenotype without reversing the genotype by providing the product of the enzymatic deficiency is proof that ceramide is obligate for apoptosis induction in cells that utilize the SM pathway.
The present investigations extend our knowledge of the mechanisms of radiation-induced apoptosis. Our studies originally proposed that in addition to double stranded breaks, damage to the plasma membrane and the generation of the pro-apoptotic lipid ceramide signaled apoptosis in some cell types (13) . This was supported by the demonstration that ionizing radiation was capable of SMase activation in isolated membrane devoid of DNA altogether. Since these initial studies numerous reports confirm the early generation of ceramide in response to irradiation (14, 23, (46) (47) (48) (49) (50) (51) (52) (53) (54) (55) , and by a variety of biochemical, pharmacologic and genetic approaches have provided support to the critical role of this event in the ensuing apoptotic response (14, 22, 23, 35, 46, 48, 54, 55) . Here, we show that ionizing radiation-induced apoptosis of MEFs requires at least two components, one of which is ceramide, as doses of natural ceramide that alone are without effect, restore apoptosis to irradiated cells. Recent studies by Zundel and Giaccia may shed light on the mechanism of this ceramide-dependent step (23, 24) . These investigators reported that ionizing radiation induced ceramide-dependent complexation of the anti-apoptotic protein phosphoinositide (PI) 3-kinase to caveolin-1 resulting in PI 3-kinase inactivation. Whether the ceramide-dependent step in MEFs requires PI 3-kinase inactivation, and the nature of the ceramide-independent step require further investigation.
Nix and Stoffel (56) recently reported marked biochemical alterations and membrane dysfunction in cells derived from their asmase knockout mice, which were generated separately from our colony. Although both knockouts are maintained in a C57BL/6 x 129 background, the sub-strains of the 129 line are different (22, 57, 58) . Further, these ASMase deficient mouse lines were developed using non-isogenic stem cell clones (22, 57, 58) . MEFs derived from their mice displayed dramatic reduction in caveolin content and resistance to isolation of caveolae (56) .
Further, hepatocytes displayed a two-fold increase in plasma membrane SM content accompanied by reduced signaling through tyrosine kinases in T lymphocytes, lymphopenia, the absence of proliferation in response to anti-CD3, reduced expression of the anti-apoptotic adaptor FLIP, and a paradoxic increase in apoptosis of anti-CD3 pre-treated splenocytes upon activation of CD95 (56). The conclusion of these studies was that disruption of membrane microdomains in response to altered sphingolipid metabolism has significant impact on signaling.
We have repeated all of these studies and do not find any of these abnormalities in cells derived from our asmase knockout colony (Table I and ref. 37 ). Phenotypic differences also exist between the two asmase knockout mouse colonies. While their mice die from NPD by 4 months of age (57) our animals do not manifest even the earliest sign of NPD, a resting tremor, until 12-16 weeks of age and survive to 9.6±0.4 (mean±SD) months of age (22, 25, 37) . Extragenic strain specific enhancers and suppressors, such as polymorphisms or background mutations, and epigenic environmental factors, are well known to modify the expression of genetic phenotypes in mice. Whatever the reason for the differences, it is clear that the asmase knockout of Stoffel and co-workers develop NPD more rapidly than our knockout. For these reasons, we urge that investigators interested in using these models to study apoptosis select reagents carefully. deficient cells. These defects are stress type specific, while MEFs were completely resistant to ionizing radiation they were only partially resistant to TNFα/Act D or serum withdrawal and not at all resistant to staurosporine. Further, the ability of natural ceramide to rescue the apoptosis phenotype without reversing the genotype provides evidence that ceramide is obligate for induction of apoptosis in some stress response systems.
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